The correlation energies of various atoms in their excited-states are estimated by modelling the Coulomb hole following the previous work by Chakravorty and Clementi. The parameter in the model is fixed by making the corresponding Coulomb hole to satisfy the exact constraint of charge neutrality.
Electron correlation in many-electron system is of two kinds, one due to the Coulombic repulsion between the electrons and the other due to Fermi-Dirac statistics of electronsreferred as Coulomb and Pauli correlations, respectively. Coulomb correlations cannot be treated exactly as the precise form of the wavefunction for a many-electron system cannot be determined since the Schrödinger equation for a many-electron system is not solvable. On the other hand, the effects of Pauli correlation can be explicitly taken care of by ensuring the wavefunction to be antisymmetric with respect to the interexchange of electron coordinates.
For example, in the Hartree-Fock treatment of the many-electron problem, the wavefunction is made antisymmetric by writing it as a Slater determinant in terms of single-particle orbitals. The difference between the exact non-relativistic energy E N R exact (which may be calculated to high accuracy by various techniques) and the Hartree-Fock energy E HF is traditionally referred as the correlation energy E QC c , and is given as
E QC c will always be negative because the Hartree-Fock energy is an upper bound to the exact energy by the variational principle. Although the correlation energy is small compared to the total energy, its inclusion is important as in the ionization potential, electron affinities, excitation energy calculations. Obtaining E c is one of the challenges in many-electron problem. In the following sections, we present some of our attempts to estimate the correlation energies of atoms in ground-and excited-states.
A. Lee-Yang-Parr (LYP) correlation energy functional A correlation energy formulae due to Colle Salvetti (CS) [2] , in which the correlation energy density is obtained from an approximate correlated wavefunction, was adapted to density functional form by Lee, Yang and Parr (LYP) [6] , and is given for ground-states by the formula
where parameters a, b, c, and d are chosen to get the correlation energy of the ground-state of He atom, and
is a dimensionless constant. The Hartree-Fock kinetic energy density corresponding to upspin electron (t α ) is given by
Similarly, the corresponding kinetic energy density (t β ) expression for the down-spin electron
The total Hartree-Fock kinetic energy density (t HF ) is given by
where t T F , and t W are the kinetic energy densities by Thomas-Fermi and Weizsäcker respectively, and is given by
t W = 1 8
It has been shown that the E LYP c
gives atomic correlation energies for ground-states within a few percent of their accurate values. LYP functional has been employed to calculate energies of excited-states of atoms using Harbola-Sahni orbitals [5, 7] .
Attempts to estimate correlation energies for excited-states by extending the LYP functional using the method of splitting k-space was pursued recently [8] . This is based on the observation that the derivation of Colle-Salvetti and LYP formulae are quite general, and the ideas are equally applicable to excited states also. 
and the modified Weizsacker term (t mW ) should be adopted to estimate the correlation energies for excited states.
In the next section, we try to estimate the correlation energies following the previous work by Chakravorty and Clementi [1].
B. Correlation energy by modelling pair-correlation function
Chakravorty and Clementi [1] proposed a method to include the Coulomb hole in the Hartree-Fock method. In this method, a soft-Coulomb hole of Gaussian nature is introduced in the expressions for Hartree-energy
and the exchange-energy
The modified expression for the corresponding energies are given by
The parameter γ determines the size of the Coulomb hole and is parameterized in their of the Hartree-Fock model in the limit γ = ∞. The correlation energy is then obtained by
Like in traditional quantum theory, in the density-functional theory too, the exact exchangecorrelation energy functional can be mathematically expressed as
where, ρ xc (r 1 , r 2 ) is the exchange-correlation hole. The difference in the traditional correlation energies and the DFT correlation energies are numerically very small. The exchangeand correlation-holes are usually decoupled as ρ xc (r 1 , r 2 ) = ρ x (r 1 , r 2 ) + ρ c (r 1 , r 2 ). In terms of exchange-hole, the exchange-energy functional is given by
and the corresponding correlation-energy functional in terms of correlation-hole is
The explicit dependence of Coulomb correlation hole ρ c (r 1 , r 2 ) on density ρ is unknown and has to be approximated. However, the constraints to be satisfied by the ρ c (r 1 , r 2 ) are known and are obtained from the exact constraints on the ρ xc (r 1 , r 2 ) and ρ x (r 1 , r 2 ):
These give the constraints on Coulomb hole ρ c (r 1 , r 2 ) from ρ c (r 1 , r 2 ) = ρ xc (r 1 , r 2 ) − ρ c (r 1 , r 2 ) as lim
and Clementi method is
where r 12 = r 1 − r 2 . It is observed that the Coulomb hole in the Chakravorty and Clementi method does not satisfy the charge neutrality condition (Equation 20c ).
In the next section, we try to model the correlation hole using the Yukawa form for the Coulomb hole along the same lines as the works by Chakravorty and Clementi. We, however, also put in additional terms to satisfy the charge neutrality condition.
II. YUKAWA MODEL FOR THE COULOMB CORRELATION HOLE
The Hartree-(E
Yuk,γ H
) and the exchange-energy (E
) obtained using the Yukawa form instead of Gaussian form in Equations 13 and 14 is given as
and
where C is a constant. Using these, the correlation energy E c is then given by 
Similar to the Chakravorty and Clementi Coulomb hole, the above correlation hole also doesn't satisfy the charge neutrality condition (Equation 20c ). In addition, the above Coulomb hole does not go to zero in the limit γ → 0.
In the following, we proposed a model form for Coulomb correlation hole which goes to zero as required. Furthermore, it is also has a term so that it satisfies the charge neutrality condition. The proposed model Coulomb correlation hole
which goes to zero in the limit γ → 0. The factor sin(2γ |r 1 − r 2 |) is reminiscent of Friedel oscillations near a defect in a solid [9] .
In our calculations, the parameter γ in the model is to be tuned to satisfy the charge neutrality.
ρ c (r 1 , r 2 )dr 2 = 0 for all r 1 (28)
In an inhomogeneous system, we replace condition (Equation 28) by
which makes it independent of r 1 . The parameter γ in the Coulomb correlation hole is now chosen to satisfy this condition. In the following, we first apply our method to ground-states to check its validity. We then extend it to excited-states to explore its applicability there.
III. GROUND-STATE RESULTS
We now use the correlation hole of Equation 27 to calculate the correlation energies.
For this, the orbitals obtained from the Harbola-Sahni exchange-only calculations are used. Table I is nearly independent of Z and is maximum for Li from an average value close to 2.3. This is also evident from Figure 1 where the experimental correlation energies and theĒ corr are plotted. The dotted line is the linear fit of the data, with the slope equal to 2.115.
Shown in
In the following section, we use this scaling factor to estimate the correlation energies of atoms in their excited-states. 
A. Results for excited-state correlation energies
Similar to the ground-state calculations, the orbitals obtained from the Harbola-Sahni potential are used to calculate the correlation energies for excited-states. Shown in Table II are the results obtained for excited-states of atoms by tuning the parameter γ in the modelled Coulomb hole to satisfy the exact constraint. The correlation energies obtained using the ground-state LYP functional are also shown in the table. Also shown in the last column is the correlation energies obtained from Equation 1 using the Harbola-Sahni and the HartreeFock exchange-energy respectively. The exact non-relativistic energies are taken from the Monte-Carlo calculations [3, 4] .
The γ is observed to be almost the same for a given atomic number and is stateindependent. For example, γ is equal to 8.0 for all the excited-states of Li, for Boron, out of four excited-states considered, γ is 13.5 for one case and is equal to 13.7 for the rest of the three cases. However, applying it further to estimate the correlation energies of excited-state atoms are not quite accurate. A further study is required. One reason for this, is the ground-and excited-state correlation energies are almost similar. Other systematic approach to calculate the correlation energies is through the response function calculations. We plan to take this approach in the near future for estimating the 
